This study addresses the ultimate structural and fatigue damage loads of a spartype offshore floating wind turbine under joint excitations of wind and wave. Aerohydro-servo-elastic coupled analysis is performed in time-domain to capture the dynamic responses of the floating wind turbine. Based on the mean up-crossing rate method, the short-term ultimate structural load is estimated. The cumulative fatigue damage load is computed with the S-N method. It is shown that the lowlevel ultimate load is mostly influenced by wind forces whereas the high-level ultimate load is more closely related with wave forces. The wave excitations dominate the fatigue damage at tower top and tower base, whereas the mooring line fatigue damage is more sensitive to the wind forces.
Introduction
With expanding global demand for power and increasing public awareness to sustainable development, great efforts are taken to exploit the offshore renewable energy resources and a set of offshore renewable energy devices are developed. Statoil launched a demo project of a spar-type offshore floating wind turbine, namely the Hywind concept, which is the first full scale floating wind turbine that has ever been built (Nielsen et al, 2006) . Principle Power (2017) installed a full-scale 2MW WindFloat prototype near the coast of Portugal. At the same time, researchers across the world are working on the numerical and experimental studies of a floating wind turbine. Li et al. (2014) and Li et al. (2015) investigated the global motions of a semi-type offshore floating wind turbine. Hu et al. (2016a) studied the transient response of a floating wind turbine after an emergency shutdown. Li et al. (2018b) studied the power production and platform motions of a floating wind turbine incorporated with wave energy converter and tidal turbines. Duan et al. (2016) conducted a model test research on a spar-type floating wind turbine. Li et al. (2018a) came up with a free-rotation method to model the wind turbine thrust forces in the model test environment.
In practice, the ultimate structural and fatigue damage loads are essential items in the design of an offshore renewable energy device. Cheng et al. (2017) compared the extreme structural response and fatigue damage of a horizontal axis floating wind turbine and a vertical axis floating wind turbine. Hu et al. (2016b) developed an integrated structural strength analysis method for a spar-type floating wind turbine. Inertia and wave-induced loads were addressed with a quasi-static method and the wind force was dealt with a static approach. Li et al. (2016) discussed the limitation of the original environmental contour method in the application to offshore wind turbines. A modified approach was proposed and they showed that the predicted results were of higher accuracy. Michailides et al. (2016) examined the response of a combined wind/wave energy concept in extreme environmental conditions with both experimental and numerical methods. Liu et al. (2017) studied the aerodynamic damping effect on offshore wind turbine tower fatigue loads and different aerodynamic damping models were used. Aggarwal et al. (2017) studied the nonlinear short-term extreme responses of a spar-type floating wind turbine. investigated the fatigue analysis for the tower base of a spar-type wind turbine. The effects of simulation length, wind-wave misalignment on the fatigue damage were studied. Marino et al. (2017) investigated the fatigue loads of a floating wind turbine with both linear and nonlinear wave models. Graf et al. (2016) used the Monte Carlo approach to evaluate the long-term fatigue loads of a floating wind turbine. They found that this approach significantly increased the computational efficiency, but the effectiveness was reduced as the nonlinearity effect became important. This study examines the ultimate structural load as well as fatigue damage load of a spar-type offshore floating wind turbine in a wide range of environmental conditions. The mean-up crossing rate method is used to evaluate the extreme response and the fatigue damage load is estimated with the S-N approach. It will investigate how the wind and waves influence the extreme responses and fatigue damage of the floating wind turbine.
Model description
A spar-type offshore floating wind turbine, namely the OC3-Hywind concept (Jonkman, 2010) , is considered in this study. The main dimensions of the spar platform are presented in Table 1 and the inertial properties are listed in Table 2 . The NREL 5WM baseline wind turbine (Jonkman et al., 2009 ) is mounted on the spar platform. The Hywind is operated at sea site with a water depth of 320 m and moored by three slack catenary lines. The fairleads are connected to the platform at 70 m below the still water level. Figure 1 displays the configuration of the mooring system. Three lines are oriented at 60°, 180°, and 300° about the vertical axis. The relevant properties of the mooring lines are listed in Table 3 . 
Analysis methodology

Time-domain coupled analysis
The aero-hydro-servo-elastic simulation code FAST (Jonkman and Buhl Jr, 2005 ) is used to simulate the structural response of Hywind under the joint excitations of wind and wave. In FAST, the aerodynamic loads are calculated based on the blade element momentum method with the consideration of rotor-wake effects and dynamic stall. The hydrodynamic models simulate the incident waves and solve for the hydrostatic, radiation, diffraction, and viscous loads on the offshore substructure, using potential flow theory. The control and electrical system models simulate the controller logic, sensors, and actuators of the blade-pitch, generator-torque, nacelle-yaw, and other control devices, Couplings between all models are achieved through a modular interface and coupler.
Please refer to (Jonkman and Buhl Jr, 2005) for the details of fundamental theory applied and the numerical modeling.
Ultimate load
The mean up-crossing rate, which represents the average frequency of the positive slop crossings of a defined level, is used to estimate the ultimate structural loads. The random number of up-crossing over a certain period can be approximated by the Poisson distribution. Therefore, the distribution of extreme value ymax of a random process y(t) is described by
where
is the up-crossing rate corresponding to level 0 . The probability of ymax exceeding a defined level 0 is given by
If the defined level 0 is low, then just a few simulation realizations of the random process will produce satisfactory approximation. Nevertheless, extensive simulations are required to evaluate the extreme values in the tail region. To save computation resources, the extrapolation method proposed by Naess and Gaidai (2008) is used here to predict the mean up-crossing rate corresponding to high level 0 .
The extrapolation method is based on the observation of marine structures so that it is applicable to the Hywind. The mean up-crossing rate is approximated by
where q, a, b and c are all constant values. In the work of Naess and Gaidai (2008) , the first procedure is to determine the value of q. Afterward, it is easy to find that plotting log|log( + / )| versus log(y-b) exhibits a linear tail behaviour. Figure 2 shows the extrapolation of mean up-crossing rate, which can approximate the mean up-crossing well at low defined level 0 . Nevertheless, ̅ + becomes unstable in the tail region as the sample size is sufficient to produce reliable results. Therefore, the fitted up-crossing rate + is used in the following part of this paper to represent the extreme response in the tail region. 
Fatigue damage load
Wind, wave and inertial loads applied at structural connections will cause fluctuation, is used in this study.
It is worth noting that the Miner's Rule neglects the load sequence effect, the initial defect, final crack state, etc., which have influences on the fatigue damage. To fully explain the fatigue phenomena, the crack propagation theory should be used (Cui, 2002) .
For example, Cui et al. (2011) proposed a unified fatigue prediction method basedo n the crack propagation theory for marine structures. Therefore, the fatigue analysis in this work is a preliminary assessment.
Environmental conditions and load cases
In a realistic sea site, the wind and the waves are always correlated. The joint probabilistic model of mean wind speed Uw (10 m above the mean sea level), significant wave height
Hs and peak period Tp that proposed by Johannessen et al. (2001) is used here. Firstly, the mean wind speed Uw is chosen. Subsequently, the fitting curve provided is used to acquire the mean significant wave height corresponding to a given mean wind speed. Finally, the mean peak period at given Uw and Hs is determined according to Eq. (5). The environmental condition considered in this study are listed in A realistic wind field always varies with height. A power law is used to estimate the wind profile U(z) at the height of z above the mean sea level (see Figure 3) () 10
α is the power law exponent which is selected to be 0.14 according to IEC 614000-3 (IEC, 2009). Figure 4 plots the variation of steady wind turbine thrust force with wind speed.
As shown, the wind turbine thrust force is largest in Case2. 
Simulation results
1-hr short-term ultimate structural and fatigue damage loads are investigated in this section. The total simulation length is set to 4000 s and only data of the last 3600 s will be collected to get rid of the transient effects arising in the initial simulation stage.
Structural loads at four critical connections are considered in this paper (see Table 5 ). 
Dynamic structural response
Firstly, we examine the dynamic structural responses, which are the basis of the evaluation of ultimate and fatigue damage loads. Figure 5 plots the tower base bending moment histories in Case2. Due to the wind turbine thrust force, the mean value is nonzero. It implies that the ultimate structural load is more likely to exceed a certain level when subject to large wind force. Besides, the obvious fluctuating component is observed.
Therefore, the ultimate structural load is determined by both aerodynamic and hydrodynamic excitations. Figure 6 shows the power spectrum density of the tower base Figure 8 shows the extrapolated mean up-crossing rate of the fore-aft tower top shear force. Within low-level up-crossing rate range, the ultimate shear force is mainly governed by the wind turbine thrust force. For example, the ultimate shear force is largest in Case 2. This is because the low-level up-crossing rate is more closely related to mean value of the response. Within high-level range, the wave forces become important and the ultimate load in severe sea state is larger. The up-crossing rates of ultimate fore-aft tower base bending moment are plotted in Figure 9 , where similar variation trend is observed. The ultimate bending moment is dominated by both the wind forces and the wave forces, and the aerodynamic effect tends to be more significant within low up-crossing rate range. Nevertheless, the ultimate tower base vertical load varies little with the environmental conditions (see Figure 10) .
Ultimate structural load
Regardless of the variations of wind speed and sea waves, the ultimate vertical forces in the five simulation cases differ than less 2%. As discussed before, the wind turbine thrust force induces very little vertical load at the tower base so that wind speed has a limited influence on the ultimate load. Besides, the spar platform is subject to very small vertical wave excitation due to its geometry shape. Consequently, the platform heave motion increases very slightly even if the sea state becomes severe. Actually, the ultimate tower base vertical load is nearly constant and equal to the mass of the wind turbine (587460 kg). Unlike the structural loads at tower top and tower base, the ultimate mooring line tension seems to be governed by the wind force alone. The ultimate mooring tension in Case5 is the second lowest even if the sea state is the most severe. Due to the wind turbine thrust force, the platform is pushed away from the initial position and thereby the mooring line bear more loads to sustain the platform. Although the wave excitation also induces some mooring tension forces, this fluctuating component is negligible. Consequently, the wind force dominates the ultimate mooring line tension force. 
Fatigue damage load
Figure 12 displays the equivalent fatigue damage loads at the connections concerned. The fatigue damage loads at the tower top and tower base all increase as the sea state becomes severe. It indicates that the rated operational state is not the critical condition even if the wind turbine thrust force reaches its maximum design value. However, the mooring fatigue load is determined by the wind force rather than the wave force. It is because the mooring line force is nearly induced by the wind force alone.
As shown, the mooring line fatigue load and vertical tower base fatigue load are relatively small, implying that the fatigue is not a crucial issue at the two connections.
Nevertheless, the tower base bending moment fatigue load reaches as high as 35000 kN•m in Case5. This should be attributed to the large weight of wind turbine and its high center of gravity, which produce large bending moment even under small pitch motion.
Consequently, more attention should be paid to the fatigue bending moment at the tower base in the design of an offshore floating wind turbine. 
Conclusions
The short-term ultimate structural and fatigue damage loads of a floating wind turbine are addressed in this study. The mean up-crossing method is used to predict the extreme values of the stochastic responses. The size of simulation realizations is reduced by an extrapolation method, which approximates the up-crossing rate in the tail region. The cumulative fatigue damage is calculated based on the S-N method.
For tower top shear force and tower base bending moment, the ultimate load is dominated by wind force within low-level up-crossing rate range whereas the wave excitation plays a more important role within high-level range. The ultimate tower base vertical force hardly varies with the environmental condition. In regarding of the mooring line concerned, the ultimate load is totally determined by wind turbine thrust force.
Except for the mooring line, the tower top and tower base have a higher probability to fail under severe sea state. According to simulation results, the fatigue damage loads 
